ABSTRACT: π-π radical interactions have exacting geometry requirements, significantly more stringent than those of a hydrogen bond or a van der Waals interaction. Here, supramolecular synthons based on such radical-radical recognition are employed to generate switchable structural and magnetic properties. Interactions between neighboring paramagnetic ligands of the La(hfac)3(pyDTDA)2 coordination complex cause a rare re-entrant phase transition (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonato-; pyDTDA = 4-(2′-pyridyl)-1,2,3,5-dithiadiazolyl). Below 100 K, the complex is diamagnetic in the solid state, consistent with an f 0 lanthanum(III) ion and "pancake bonding" of the π-radical ligands. Upon heating, the supramolecular one-dimensional arrangement undergoes two sequential structural phase transitions, observed at ca. 160 and 310 K, successively involving the rupture of half and then the totality of the "pancake bonds" and generating stepwise increases in the paramagnetic susceptibility. We use the structural and magnetic data to develop a theoretical model that clearly predicts the unprecedented re-entrant behavior of this radical-La(III)-radical complex. Moreover, this microscopic free-energy model demonstrates that any system with essentially non-interacting "dimers" contains within itself the possibility of a distortion associated with re-entrant phase transitions if the lattice is "soft" enough (i.e., low rigidity).
Introduction
Many kinds of noncovalent (weak) interactions are known; however, it is often unclear how their specific features might be applied to achieve desirable materials properties. The directional dependence of hydrogen bonding, for example, has been employed to design supramolecular synthons with molecular self-recognition. 1 Thus, the directionality of the hydrogen bond sets it apart from other weak interactions (e.g., van der Waals) and makes it useful in crystal engineering applications. 2 Related to this discussion is the concept of radical-radical interactions, or so-called "pancake bonding", 3, 4 the use of which is currently gaining traction in the field of materials design. [5] [6] [7] "Pancake bonding" between π-radicals is similar to hydrogen bonding in terms of bond strength 8 and directional dependence. However, the extremely demanding geometry dependence of "pancake bonding" sets it apart from hydrogen bonding. "Pancake bonds" exhibit dependence upon precise alignment of the two interacting planar π-radicals, in terms of both rotational and in-plane displacement, or slippage. 9 Small changes in the geometry have large effects on the strength of the "pancake bond". The question then arises, "Can the sensitivity of this geometry dependence be used to generate desirable properties?" While increasingly sophisticated applications of "pancake bonding" are emerging, ranging from supramolecular synthons 10, 11 to redox-switching in rotaxanes, 12 the unique geometry dependence of the radicalradical interaction has yet to be fully exploited. Herein, we report a new molecule-based material that exhibits switchable magnetic properties resulting from a rare and counterintuitive sequence of phase transitions. The material's properties arise from the extreme sensitivity of the radical-radical "pancake bonds" to small changes in geometry. The results presented herein set the groundwork for establishing a new class of materials that employ the specific features of "pancake bonds" as highly sensitive molecular recognition elements.
We report a re-entrant phase transition in a crystalline La(hfac)3(pyDTDA)2 molecular material (Figure 1 ), manifested as a change from a monoclinic space group (C2/c) to triclinic (P-1) and back to monoclinic (C2/c), upon increasing temperature (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonato-; pyDTDA = 4-(2′-pyridyl)-1,2,3,5-dithiadiazolyl). At a molecular level, these phase transitions involve the rupturing, or "opening", of so-called "pancake bonds" [13] [14] [15] between π-dimers of neighboring pyDTDA radical ligands, which is itself very unusual. As a result, the phase transitions also manifest as stepwise increases in the magnetic moment as the structure transitions from "closed", diamagnetic [pyDTDA]2 dimers to "open", paramagnetic [pyDTDA]2 pairs. Because "pancake bonds" are a very common radical-radical interaction, it is important to determine why, in this specific material, rupturing of the "pancake bonds" occurs at all. A microscopic free energy model, developed using competing elastic and magnetic terms, is presented. The model demonstrates how an array of essentially independent dimers will undergo such a distortion if the lattice is "soft" enough (i.e., low rigidity). Furthermore, this general model explicitly predicts the observed re-entrant phase behavior.
Figure 1.
Line drawing and molecular structure of La(hfac)3(pyDTDA)2 in the low-temperature monoclinic phase at 100 K; thermal ellipsoids drawn at 50% probability; symmetry code: (i) 1-x, y, ½-z.
Experimental Section

Synthesis
General Considerations. Syntheses and manipulations were performed under an argon atmosphere using a glovebox and standard Schlenk techniques. Dried and degassed solvents were obtained from an LC Solvent Purification System (SPS) using dry packed columns containing 3 Å molecular sieves and solvent kegs filled off-site by the manufacturer. Reagents were used as received. La(hfac)3(DME)2 and pyDTDA were prepared according to literature procedure. [16] [17] [18] Sublimations were carried out on a multistage programmable temperature tube furnace. IR spectra of pressed KBr pellets were collected using a Nicolet 510-FTIR spectrometer at ambient temperature. Elemental analyses were performed by MHW Laboratories, Phoenix, AZ, USA.
Synthesis of La(hfac)3(pyDTDA)2. Anhydrous CH2Cl2 (20 mL) was added to a solid mixture of La(hfac)3(DME)2 (0.2337 g, 0.2485 mmol) and pyDTDA (0.1002 g, 0.5498 mmol) under argon. The red-purple solution was stirred for 1 h. The solvent was removed under reduced pressure to afford a dark purple, shiny solid. Sublimation of the crude product at 105 °C (378 K; 10 -5 Torr dynamic vacuum) yielded a dark purple microcrystalline product; yield 0.1025 g (37% Torr.
Crystallographic Measurements. X-ray diffraction data were collected on single crystals of La(hfac)3(pyDTDA)2 at both Bordeaux and Guelph. At Bordeaux, the crystallographic data were collected with a Bruker APEX II Quasar diffractometer, equipped with an Oxford Cryostream 700plus cryostat and an Incoatec microfocus sealed-tube of monochromatized MoKα radiation. A single crystal was coated in Voltalef 90 grease, mounted on a fiber loop (for the crystal structure collected at 340 K) or in a sealed glass capillary, and centered in the beam under a nitrogen flux. The program SAINT 19 was used to integrate the data, which was thereafter corrected using SADABS. 20 The structure was solved using SHELXS-97 and refined by a full-matrix least-squares method on F 2 using SHELXL-97. 21 All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed at calculated positions using suitable riding models. At Guelph, the data were collected on a SuperNova Agilent single-crystal diffractometer with Atlas CCD detector, equipped with a CryoJet XL low-temperature device and a microfocus MoKα radiation source. The data were processed using CrysAlisPro software.
22
Magnetic Measurements. Magnetic measurements were performed on several polycrystalline samples of La(hfac)3(pyDTDA)2 ranging in mass from 6.1 to 17.9 mg. Samples were sealed under argon atmosphere in polyethylene bags (3 × 0.5 × 0.02 cm; 20-30 mg) in order to collect data in the temperature range of 1.8 to 330 K or in polypropylene bags (3 × 0.5 × 0.02 cm; 15-25 mg) in order to collect data up to 380 K. Magnetic measurements were obtained with the use of a Quantum Design SQUID magnetometer MPMS-XL functioning between 1.8 and 400 K for direct-current (dc) applied fields ranging from -7 to +7 T. Prior to the experiments, the field-dependent magnetization was measured at 100 K on each sample in order to prove the absence of any bulk ferromagnetic impurities. All magnetic data were corrected for the sample holder and diamagnetic contributions.
Results and Discussion
Brief Word on "Pancake Bonding" of DTDA Radicals
Typical of many planar π-radicals, 4-R-1,2,3,5-dithiadiazolyls (DTDAs) exhibit a propensity to assemble as "pancake bonded" π-dimers in the solid state. 10, 15, 23, 24 The π-dimers are usually diamagnetic below room temperature, 25 especially when the substituent R is an electron donating group, although there are rare examples wherein thermal population of the triplet excited state is evident by EPR spectroscopy (typically when R is electron withdrawing).
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There are also examples of DTDA radicals that do not dimerize in the solid state (when R is electron withdrawing and provides steric bulk). 27-30 From these observations, it can be surmised that there exists a range of dimerization enthalpies associated with "pancake bonding" between DTDA heterocycles and that the electron donating/withdrawing capacity of the R group is an important factor. When DTDAs form π-dimers, they typically do so in one of four structural motifs 10 with very specific geometries. Inspection of the singly occupied molecular orbital (SOMO) of a generic DTDA radical, a π* orbital distributed over the heteroatoms and nodal at the C atom (Figure 2 ), helps to rationalize the geometry of these motifs. The cis-cofacial, twisted-cofacial, and trans-cofacial geometries are simply "pancake bonds" involving the σ overlap of all four lobes of the SOMOs, rotated by roughly 0°, 90°, and 180° respectively, and consistent with the roughly square shape of the SOMO. 14 The trans-antarafacial motif is the σ overlap of only two lobes of the SOMO, those centered on the S atoms.
Structural Features
Single crystals of La(hfac)3(pyDTDA)2 suitable for X-ray diffraction were obtained by double sublimation of the crude product at 105 °C under reduced pressure. The crystal structure of this complex undergoes two sequential phase changes, from monoclinic (C2/c) to triclinic (P-1) and back to monoclinic (C2/c), upon increasing temperature. As expected in the case of phase transitions with a broken symmetry, 33 the appearance of multiple crystalline domains (twinning) is systematically and reproducibly observed in the triclinic phase, whereas a perfect single-domain crystal is seen by Xray diffraction in the monoclinic phases.
At all temperatures, the La(hfac)3(pyDTDA)2 moiety is a ten-coordinate complex of a diamagnetic (f 0 ) lanthanum(III) ion. The pyDTDA ligands are N-coordinated to La(III) in a bidentate fashion (Figure 1 ), similar to previously reported transition metal coordination complexes of this radical ligand. [16] [17] [18] In both monoclinic phases (vide infra), the pyDTDA ligands are symmetry-related. Although the symmetry is lowered in the triclinic phase, the coordination geometry does not change dramatically as a function of temperature and, in all phases, it is best described as a sphenocorona, 34 typical of 10-coordinate lanthanide species. The thermally-induced structural changes have been tracked as a function of temperature by collecting X-ray diffraction data on a single crystal from 100 to 340 K (a total of 220 data collections).
The lowest temperature phase (Phase ILT), below ca. 160 K, is characterized by close contacts between the heterocycles of the pyDTDA ligands on neighboring molecules (Figure 3a) . The radical ligands form [pyDTDA]2 pairs in the so-called trans-cofacial motif 10 with an inversion center located between neighboring DTDA planes. At 100 K, the mean distance between the planes of the DTDA heterocycles is ~3.2 Å, well within the sum of van der Waals radii for the constituent N and S atoms and consistent with the formation of diamagnetic π-dimers, via so-called "pancake bonding". [13] [14] [15] 35 The dimerization of the pyDTDA moieties serves to assemble the complexes into supramolecular chains propagating along the ("pancake bonded") [pyDTDA]2 dimer with a neighboring complex (mean distance between planes ~3.2 Å at 220 K) and one pyDTDA ligand that is no longer engaged in pancake bonding and is part of an "open" [pyDTDA]2 pair (Figure 3b ). While the "closed" dimers maintain the same trans-cofacial geometry as those described above, the "open" radical pairs are characterized by an increase in the interplanar distance between neighboring DTDA heterocycles accompanied by a lateral translation, or in-plane slippage of the heterocycles with respect to one another (Figure 3b ). The shortest contacts between neighboring heterocycles of an "open" pair are between the C atom and an S atom of each DTDA (C…S, 3.413(7) Å at 220 K). Because the SOMO of a DTDA radical is nodal at the C atom (Figure 2) , the "open" [pyDTDA]2 pairs no longer possess a geometry consistent with "pancake bonding". They are now positioned such that there is approximately orthogonal overlap between the two SOMOs.
At ca. 310 K, the reflections associated with the triclinic phase (Figure 4b ) disappear and the diffraction pattern observed below 160 K is recovered (Figures 4a, c) . This observation is consistent with increased symmetry and a second phase transition from triclinic back to monoclinic (Figure 3c ). The high-temperature monoclinic (C2/c) structure (Phase IHT) is characterized by a return of the symmetry elements that relate all the pyDTDA ligands to one another. In this phase, all the [pyDTDA]2 dimers have been "opened" (Figure 3c ) by in-plane slippage of the heterocycles, accompanied by an increase in intermolecular contact distances (C…S, 3.424(8) Å at 340 K) comparable to those observed for the "open" pairs in the triclinic phase.
It is important to highlight that the rupturing of [pyDTDA]2 dimers has never been observed before in the solid state. However, a small number of related 1,3,2-dithiazole radicals are known to exhibit structural phase transitions from diamagnetic π-dimers to undimerized paramagnetic monomers with large hysteresis. [36] [37] [38] [39] [40] These phase transitions are either the result of significant "plate slippage" of molecular/crystallographic planes 41 or of "tilting" of molecular planes in a "domino cascade". [42] [43] [44] Thus, although there is precedent for solid-state monomer-dimer phase transitions in related thiazyl species, the actual structural changes are only marginally comparable.
Changes in the crystal packing of the supramolecular chains ( Figure 5 ), consistent with the three-dimensional nature of the phase transition, are also observed as a function of temperature. The myriad of close contacts between chains is dominated by F…F interactions, which are unlikely to be particularly influential on the structure owing to the low polarizability of fluorine. In phase ILT, there is also a short interchain contact between an hfac F atom and the pyridyl C-H ortho to N1 (F4…C1 3.26 Å at 100 K). The C-F…H-C contacts are formed in a reciprocal manner such that there are two such contacts between the two relevant molecules in neighboring chains. These interchain contacts can be traced through the structure in [101] (Figure 5a ). In Phase II, the reciprocal C-F…H-C contacts remain intact with one neighboring chain (F4…C1 3.29 Å at 220 K) but are significantly lengthened with the other neighboring chain (F13…C22 3.42 Å at 220 K). Only the pyDTDA ligand that is part of a "closed" [pyDTDA]2 dimer (in the chain) maintains a close C-F…H-C contact between chains (Figure 5b) . In phase IHT, the distances between all interchain contacts have also increased, with F4…C1 achieving 3.47 Å at 340 K ( Figure  5c ). The ability of C-F to act as a hydrogen bond acceptor is still an ongoing debate, [45] [46] [47] but the influence of the C-F…H-C contacts observed in the solid state structures of phases ILT and II for La(hfac)3(pyDTDA)2 appears to be determinant in generating the observed phase transitions. and (0 5 -6) reflections for which the intensity was probed as a function of the temperature, are shown by the red circles and arrows. Data were collected on the same crystal at 220 and 340 K, whereas another one was used at 100 K. 
Magnetic Properties
The signature of the phase transitions in La(hfac)3(pyDTDA)2, observed by the X-ray diffraction technique (vide supra), was also studied by optical reflectivity and magnetic susceptibility measurements between 1.8 and 380 K, as well as by differential scanning calorimetry (DSC). The optical (Figures S1 and S2 in the Supporting Information) and calorimetric ( Figures S3 and S4 ) data are consistent with the phase transitions observed by structural and magnetic measurement (vide infra). Both are discussed in detail in the supporting information. The magnetic properties are described herein.
Below 80 K, the value of the χT product is very close to zero (0.036 cm 3 Kmol -1 ; Figure 6 ), suggesting that La(hfac)3(pyDTDA)2 is in a diamagnetic state, consistent with the formation of "closed" [pyDTDA]2 dimers throughout the supramolecular chains. The residual paramagnetism likely originates from defects in the crystal structure and is a common magnetic feature of such [DTDA]2 dimers, 48, 49 and generally of materials with a singlet ground state. Above 80 K, the χT product increases rapidly with an inflection point at 163
K (see dχT/dT versus T in Figure 6 ) and, at 240 K, reaches a value of 0.33 cm 3 Kmol -1 that corresponds well to one S = ½ spin per molecule (C = 0.375 cm 3 Kmol -1 for g = 2). The magnetic properties and the sigmoidal-shape feature centered at 163 K are thus in agreement with the assessment of the crystallographic behavior, specifically that the phase transition
As the temperature is increased above 240 K, the χT value increases rapidly with a second inflection point at ca. 312 K (Figure 6 ). The χT value approaches 0.56 cm 3 Kmol -1 as the temperature approaches the sublimation temperature of 380 K. These observations are consistent with the observed structural phase change wherein the remaining "closed" [pyDTDA]2 dimers are ruptured ("opened") upon transitioning from Phase II to Phase IHT. At a scan rate of 0.6 K/min, no conclusive evidence for thermally induced hysteresis was observed upon cycling the temperature. 
Brief Word on Inverse Melting and Re-entrant Phase Transitions
Inverse melting and re-entrant phase transitions are among the most interesting and unusual transition phenomena. In simple terms, inverse melting describes the (counterintuitive) transition from a solid to a liquid phase with decreasing temperature (at constant pressure). 50 More generally, it defines a transition in which the symmetry of a system increases upon cooling. 51 Re-entrant phase transitions are related phenomena that include an inverse melting transition. As the temperature of the system is increased monotonically, the phase changes from a higher symmetry Phase I to a lower symmetry Phase II and then back to the original higher symmetry Phase I. It is worth noting that Tammann's seminal work on melting, published in 1903, 52 explicitly predicts the possibility of inverse melting and re-entrant phase transitions.
Although re-entrant phase transitions are rare, they have been observed in a variety of unrelated systems including simple molecular crystals (notably malononitrile), 53 liquid crystals, 54 copolymer gels, 55 multicomponent liquid mixtures, 56 Bechgaard salts, 57 granular and "dirty" superconductors, 58, 59 antiferromagnets, 60 Fe(II) spin-crossover complexes, 61 selfassemblies of amphiphilic molecules, 62 metals, 63 and black holes. 64 Efforts to model these and other re-entrant phase transitions include the successful application of Landau theory, 65 a phenomenological model that is appropriate for second order or weakly first order phase transitions, 66-68 as well as the use of a microscopic free energy model based on competing terms in the free energy. 53 
Free Energy Model of the Re-entrant Phase Transition
The space group of crystalline La(hfac)3(pyDTDA)2 changes from C2/c to P-1 and back to C2/c in two sequential phase transitions as the temperature is increased or decreased. The inevitable question is whether this phenomenon is a reentrant phase transition or not. Is the low temperature C2/c phase the same phase as the high temperature C2/c phase? The answer is not immediately obvious as there is a clear difference in the magnetic properties of these two phases. To answer the question regarding the assignment of the observed phenomena as evidence of a re-entrant phase transition, we analyzed the structural transition sequence for La(hfac)3(pyDTDA)2 on the basis of combined magnetic and structural data, which have been modeled with a microscopic approach.
To develop a simple microscopic model to analyze the phase transitions, it should first be noted from the crystal structures (vide supra) that the translations of atoms occurring during both phase changes are small. This implies that a large term in the free energy, F, of the system determines the main structure and that the distortions generating the phase transition are governed by much smaller terms. This hypothesis is verified experimentally by measuring the unit cell parameters as a function of the temperature (considering 217 unit cells determined between 100 and 340 K) and extracting the temperature dependence of the average distance between two La(hfac)3(pyDTDA)2 complexes (Figure 7) , that is indeed the modulus of the vector in the triclinic space group. 69 As shown in Figure 7 , no significant anomalies are observed at either phase transition, supporting the assumption that the mean structure is determined by a much larger free energy term than the distortion itself. It is then feasible to consider the mean structure as a constraint and to develop a perturbative microscopic model using only small free energy terms. To describe a structural distortion, two competing free energy terms are required. In line with models describing similar phenomena, such as a spin-Peierls distortion, 70 it is reasonable to invoke a magnetic term, which favors the distortion (i.e., the triclinic phase), and an elastic term, which is the lattice contribution and is minimized for the higher symmetry (i.e., monoclinic) phase. The lattice term for the free energy is simply given by Equation 1 , where N is the number of [pyDTDA]2 dimers, κ is some force constant associated with the rigidity of the lattice, while u1, u2, and δu = (u1 -u2)/2 describe displacement (i.e., position) in one dimension. The magnetic term, Fmag, arises from the pyDTDA radical ligands. The simplest assumption is that each [pyDTDA]2 dimer is magnetically isolated from all other [pyDTDA]2 dimers. Thus, only the exchange coupling between the two spins in an isolated [pyDTDA]2 dimer needs to be accounted for, and any exchange between dimers will be neglected. This assumption implies that the "collective three-dimensional effect" required to produce a phase transition is transmitted by the lattice, meaning that there is a large free energy term that determines the mean unit cell parameter and its temperature dependence (vide supra). For a microscopic model, it is only necessary to describe the possibility of a distortion (lowering of symmetry) from the uniform configuration of higher symmetry. For N noninteracting [pyDTDA]2 dimers in the monoclinic phases, there is only one energy gap, ∆ = ⎮2J⎮, (between the singlet ground state and the triplet excited state) associated with the exchange interaction, J (defined by H = -2JS1S2), between Si = ½ spins. As the triplet state is triply degenerate, the magnetic free energy is given by Equation 2.
In the triclinic phase, two kinds of [pyDTDA]2 dimers ("closed" and "open") are observed (vide supra) inducing the presence of two different energy gaps, ∆1 and ∆2. In this low symmetry phase, the magnetic free energy is then given by Equation 3.
Assuming that the difference between the two energy gaps is small, the expression of Fmag can be developed further by introducing the mean energy gap, ∆ = (∆1 + ∆2)/2, and the deviation from this average value, δ∆ = (∆1 -∆2)/2. Including up to second order terms, Equation 3 can be rewritten as shown in Equation 4.
Eq. 5
The total free energy, δF (taking the origin of the free energy in the monoclinic phase), is then the sum of the magnetic and lattice free energy terms (calculated at the second order), δF = δFmag + δFlat, given by Equation 6 (with δ∆ = (d∆/du)δu = α δu; see the Supporting Information).
Eq. 6
As the magnetic contribution, δFmag, to the free energy is In order to demonstrate that this microscopic model correctly describes the present system with its two successive phase transitions at 163 and 312 K, it is crucial to estimate experimentally the A(T) term that is a function of ∆(T) and α = d∆/du (Equation 6). While the structural data shown in Figure  7 allow an estimation of u(T), the magnetic properties of La(hfac)3(pyDTDA)2 (i.e., χT vs. T data, Figure 6 ), give access to the temperature dependence of the energy gap, ∆(T). To employ the measured magnetic data, the non-zero value of the χT product below 75 K (χTLT = 0.036 cm 3 Kmol -1 ) must be taken into account. To simplify the subsequent calculation, the χT product has been normalized between 0 and 1 using the following expression, χnT = (χT-χTLT)/(2C½ -χTLT) with C½ = g 2 NµB 2 /4kB being the Curie constant for an S = ½ spin (with g = 2 expected for radicals, C½ = 0.375 cm 3 Kmol -1 ). In the monoclinic phase, there is only one energy gap, ∆, that is related to the χnT product by the normalized Bleaney-Bowers equation (Equation 7) . 71, 72 The temperature dependence of the energy gap (Equation 8 and Figure 8 Considering the temperature dependence of ∆(T), and u(T) in the monoclinic phases (red data points in Figures 7 and 8) , d∆/dT and du/dT can be calculated, and their ratio (d∆/du) can be used to determine α(T), as demonstrated in the Supporting Information, and then A(T) (vide supra, Equation 6 ). As shown in Figure 9 , the magnetic term, A(T), increases up to 163 K and decreases above 312 K. As demonstrated by Equation 6, the monoclinic-triclinic phase transition occurs for A(TC) = κ.
The solid horizontal line in Figure 9 indicates the specific A(TC) = κ value that implies theoretical transition temperatures of TC1 = 160 K and TC2 = 310 K. Supporting the consistency of the microscopic model, these critical temperatures are very close to the experimental ones (163, 312 K) obtained from magnetic measurements (Figure 6 ). Between 160 and 310 K, the instability of the monoclinic phase is clearly induced by the magnetic term as it becomes large in comparison to the elastic contribution of the network (A(T) > κ), and thus this simple model automatically describes re-entrant phase transition behavior.
Comparing the experimental data and the microscopic model, κ/kB can be estimated at about 2000 K Å -2 ( Figure 9 ) which corresponds to a frequency (Ω0) of about 2.6 THz or ħΩ0/kB = 20 K (κ = mΩ0 2 , with m being the reduced mass of the oscillating dimer, 73 i.e., the mass of a half pyDTDA radical). The Ω0 obtained for La(hfac)3(pyDTDA)2 is comparable to frequencies reported for Spin-Peierls systems, 74 which apparently have more rigid networks with ħΩ0/kB values above 50 K (estimated for (BCPTTF)2PF6, 75 
BCPTTF = benzocyclopentyl-tetrathiafulvalene).
This comparison highlights that the key ingredient to obtain a phase transition sequence with a re-entrant phase is the weak rigidity of the network that allows the magnetic term to overcome the elastic contribution and thus to stabilize the low symmetry phase in a confined temperature domain. In the triclinic phase, the order parameter associated with the phase transitions can be deduced experimentally from single-crystal X-ray diffraction data. Indeed, the intensity of the triclinic reflections (forbidden by symmetry in the monoclinic space group; Figure 4 ) is directly proportional to the square of this order parameter. 76, 77 Therefore the normalized intensity of the (0 5 -6) reflection, Inorm, was measured between 100 and 338 K from 217 data sets as shown in Figure 10a . Similar temperature dependences have also been measured for other reflections and no significant difference on the intensities has been observed on cooling or heating mode (in agreement with the magnetic measurements; vide supra). The thermal variation of Inorm is progressive and linear above TC1 ≈ 160 K and below TC2 ≈ 310 K in the triclinic phase (Figures 10b and 10c) supporting the presence of two second order phase transitions between triclinic and monoclinic phases. 78 It is worth mentioning that the estimation of the critical temperatures from the Inorm(T) data ( Figure 10 ) agrees very well with the magnetic measurements (163 and 312 K; Figure 6 ).
In the triclinic phase, the reflection intensity exhibits a maximum around 236 K that almost perfectly matches the (TC1 + TC2)/2 value, suggesting a simple parabolic behavior of Inorm(T) ∝ (T-TC1)(TC2-T). As expected, the fit of the experimental data (red line, Figure 10a ) to this parabolic function is remarkably good with TC1 = 162 K and below TC2 = 312 K. As Inorm is proportional to the square of the order parameter, the temperature dependence of the order parameter must be proportional to �( − 1 )( 2 − ).
As δu = 0 and δu ≠ 0 in the monoclinic and triclinic phase respectively, this parameter can be used as the order parameter associated with the transitions. Therefore the microscopic model of the free energy discussed in the monoclinic phase can be implemented to describe the theoretical temperature dependence of the order parameter in the triclinic phase and to compare with the above conclusions derived from singlecrystal X-ray diffraction data ( Figure 10 ). Because the (κ -A(T)) term in Equation 6 becomes negative in the triclinic phase, this free energy needs to be developed at least to the 4 th order (Equation 9) in order to compensate for the effect of the second order term and to be able to estimate the δu equilibrium value (noted ���� ) of the system (dδF/dδu = 0).
Eq. 9
It is reasonable to expect that the coefficient B of the fourthorder term in Equation 9 is dominated by lattice effects; therefore B can be considered as temperature independent, to a first approximation. The minimization of the above free energy (dδF/dδu = 0) gives ���� that is proportional to 
Conclusions
La(hfac)3(pyDTDA)2 is a 10-coordinate complex in which the diamagnetic La(III) ion bridges two neutral radical pyDTDA ligands. In the solid state, this species exhibits unusual magnetic behavior. From a diamagnetic state below 80 K, a sigmoidal-shape feature in the χT(T) value appears with increasing temperature, followed by a small plateau and a second such sigmoidal-shape feature. Similar magnetic behavior is most commonly associated with two-step spincrossover in polynuclear spin-crossover species. [79] [80] [81] [82] In the present case, however, the origin of the phenomenon is two sequential structural phase transitions involving the rupture, or "opening", of so-called "pancake bonded" π-dimers of the radical ligands, [pyDTDA]2. At low temperature, all the pyDTDA ligands participate in the formation of diamagnetic "closed" [pyDTDA]2 dimers. Upon heating, the first phase transition occurs when 50% of the [pyDTDA]2 dimers are ruptured resulting in a magnetic moment consistent with one unpaired electron per molecule. The second phase transition occurs with the rupture of the remaining [pyDTDA]2 dimers, and a concurrent increase in the measured magnetic moment. The phase transitions are accompanied by an alteration of the crystallographic space group from C2/c to P-1 and back to C2/c. A microscopic free energy model, using elastic (lattice) and magnetic (radical-radical) contributions as the only two necessary physical components, is developed. Applying this model, it becomes immediately evident that the observed properties of La(hfac)3(pyDTDA)2 are consistent with a rare case of a re-entrant phase diagram, meaning that the low temperature monoclinic phase is the same as the high temperature monoclinic phase, and encompassed between these is a temperature domain for which the lower symmetry triclinic phase is stabilized.
The intimate mechanism of the re-entrant phase transition, involving the rupture of "pancake bonds" between π-radicals, is entirely novel, as is the microscopic model that quantitatively describes the system. Our theoretical approach demonstrates the possible competition between a magnetic term (A, related to the singlet-triplet energy difference) intrinsic to the radical pairs that form the "pancake bonds" and an elastic term (κ) representing the flexibility of the network in which the radical pairs are organized. The re-entrant phenomenon is induced by the unusual softness of the network (small values for κ) allowing the magnetic term to dominate on a temperature domain for which a low symmetry (triclinic, in this case) re-entrant phase is stabilized. Thus, this microscopic model analyses the experimental data, but more importantly, it gives a general prediction for a re-entrant instability in a soft solid incorporating isolated "dimers". Accordingly, work is currently in progress in our laboratories to modulate the rigidity of the network (κ) and the strength of the "pancake bonds" (A) by replacing the La(III) ion with other lanthanide ions in order to alter the transition temperatures of this unique system.
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